Abstract Tetragonal tungstate CsLa(WO 4 ) 2 :Nd 3+ was found to be an attractive multifunctional simultaneously Nd 3+ -laser and SRS-active crystal. A multitude of Stokes and anti-Stokes components is generated in the visible and near-infrared spectral region producing frequency combs with widths of 8600 cm -1 and 9560 cm -1 under pumping at 0.53207 µm and 1.06415 µm wavelength, respectively. All registered nonlinear emission lines are identified and attributed to a single SRS-promoting vibration  s (WO 4 ) mode with energy of  SRS  956 cm -1 . Moreover, a passively Q-switched LD-pumped nanosecond self-Raman CsLa(WO 4 ) 2 :Nd 3+ laser is reported. An overview of Ln 3+ -doped tungstate self-Raman lasers is given as well.
Introduction
Tungstate crystals play an important role in laser physics and have a long history in nonlinear optics. In particular, one of them, CaWO 4 :Nd 3+ became the first laser crystal with trivalent lanthanide (Ln 3+ ) [1] . Currently, there are about 25 tungstate host-crystals with ordered and disordered structure on the basis of which already more than 50 laser crystals doped with Ln 3+ -ions have been created [2, 3] , thus enabling the generation of stimulated emission (SE) in the visible and near-IR spectral regions [4] . Many of them are widely used in modern physical experiments, among which the most applicable are monoclinic -KRE(WO 4 ) 2 tungstates (where RE = Y and Ln) whose laser properties were discovered more than 45 years ago by one of us (A.A.K.) [5, 6] (see also references
for Table 1 in [7] ). In addition to their laser potential these monoclinic crystals also have extremely high χ (3) -nonlinearity (thanks to strong symmetric W-O vibration of their [WO 4 ] 2-anion groups) which is attractive for exciting high-order stimulated Raman scattering (SRS) as well as for self-SRS lasers as evidenced by Table 1 . (3) -comb: the representation of the spectrum of Stokes and anti-Stokes laser frequency components with a width of at least one octave (i.e., the highest frequency (energy) component must be at least twice of the lowest frequency component). g The energy of SRS-phonons given in [14] requires clarification. h Preliminary information on χ (3) -nonlinear laser activity in a title crystal is reported in [62] . i According to [31, 40, 42] the energy of SRS-phonon was measured as 906 cm -1 .
It presents the known laser multifunctional tungstates and accumulates all observed manifestations of χ (3) -nonlinear processes. This overview table also convincingly reflects the continued interest of researchers in this class of laser crystals crystal throughout the history which is characterized by a remarkably successful advance in physics and nonlinear optics. In this paper, we report the discovery and study of the SRS-effect in tetragonal tungstate CsLa(WO 4 ) 2 single crystals and the first demonstration of a self-SRS laser based on doping this crystal with Nd 3+ -ions.
Crystals for investigations
In our studies, we used crystals of CsLa(WO 4 These layers are bonded through the [WO 4 ] tetrahedra (see Fig. 1 ). Table 2 ). This explain the luminescence spectra shown in Fig. 2 (left part) and the related Stark-level system Fig. 2 (right part) , which determines the lasing properties of its Nd 3+ -ions. master oscillator power amplifier system in combination with a spectrometric setup as described in previous our publications (see, e.g. [50] ). The pump laser system operated at 1 Hz repetition rate, generating single pulses at λ f1 = 1.06415 µm wavelength with pulse energy of up to 40 mJ and pulse duration of about τ f1 ~ 80 ps. The pump beam was guided to the registration part of the experimental setup which is shown in Fig. 3 .
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After propagation through an attenuation stage consisting of a revolving half-wave-plate (λ f1 /2) in combination with a Glan-polarizer (P), the linearly polarized and collimated pump beam could optionally be frequency-doubled using a KTiOPO 4 crystal. The second harmonic generation (SHG) process generated τ f2 ~ 60 ps pulses at λ f2 = 0.53207 μm Table 3 . a Notation is used in analogy to that in [54] . The characters to the left and to the right of the brackets give the direction of the wave normal of the pumping and the nonlinear generation wave, respectively, while the characters between the brackets indicate (from left to right) the polarization direction of the pumping and nonlinear generated wave, respectively. b Measurement accuracy 0.0003 m. c Lines related to the cascaded χ (3) -nonlinear processes are asterisked. In square brackets three different possible Raman four-wave mixing (RFWM) processes for the generation of the respective nonlinear component are given. These spectra were compared to those recorded on a Renishaw InVia Raman spectrometer equipped with a confocal DM 2500 Leica optical microscope, a thermoelectrically cooled Ren Cam CCD as a detector and Ar + -ion laser operating at 0.488 m wavelength. To our knowledge, Raman spectra of this compound were not measured and analysed in terms of its possible structure. In few papers, it was proposed alternatively as tetragonal [52] [53] [54] [55] or [47] . It was also postulated that it is isostructural with -RbLa(MoO 4 ) 2 described in space group [56, 59] . As noted above, it was postulated that CsLa(WO 4 Table 4 . Analyzing the results of theoretical calculations performed for three possible unit cells postulated for CsLa(WO 4 ) 2 , it is seen that the number of Raman bands expected for P4/nnc structure is 21, for P4 2 /nmc structure it is 23 and for the structure it is 44.
Spontaneous Raman spectra of polycrystalline
On the other hand, the number of bands observed in the Raman spectrum (Fig. 6 ) is 45
what means that most the structure of the studied material is most probably described by the space group. This result should be confirmed by the measurements of the polarized IR and Raman spectra of the single crystal. Analyzing the intensity of the bands c P 1 42 c P 1 42 c P 1 42 observed in the spontaneous Raman spectrum the strongest lines appear at 956, 362, Due to the high intra-cavity losses introduced by the uncoated crystal end-faces, crystal impurities and the saturable absorber, the overall conversion efficiency from the pump at λ p = 0.81 µm wavelength to the first Stokes at λ St1 = 1.1765 µm wavelength was only a few percent. We expect that much higher conversion efficiency can be obtained by using anti-reflection-coated commercial crystals with higher optical quality and by optimizing the cavity specifications, i.e. mirror reflectivities and curvatures, of the self-Raman laser.
This experiment was the first realization of a self-SRS laser based on a tetragonal CsLa(WO 4 ) 2 :Nd 3+ crystal. The laser hence became the seventh representative from the group of tungstate self-Raman lasers (see Table 1 ). Our further investigation will aim at obtaining cascaded χ (3) -nonlinear generation at 1.5234 µm wavelength involving the other strong intermanifold 4 F 3/2  4 I 13/2 transition of the Nd 3+ -lasant ion in CsLa(WO 4 ) 2 :Nd 3+ at  1.3297 µm. Laser emission in this so-called "eye-safe" spectral region is of particular interest for remote sensing and medical applications. In this context, it is appropriate to note that the crystal has the highest Raman frequency shift (956 cm -1 ) of all known SRS-active tungstates (see Table 1 ), thus facilitating the access to the eye-safe region via a single SRS conversion step. -nonlinear Q-switched of nanosecond CsLa(WO 4 ) 2 :Nd 3+ self-SRS lasing spectrum recorded with a grating AQ-type spectra analyzer equipped with a fast InGaAs PIN-photodiode and a digital Tektronix oscilloscope.
Conclusion
In this study, the χ  956 cm -1 . We hope that the results of this work will help to address some practical tasks of modern laser physics.
